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incubation medium was observed in Hepatomas
5123-D (11.5 umoles), 7800 (12 umoles), and H-35
(7 pmoles), and in the more rapidly growing tu-
mors was, for all practical purposes, absent (0 to
0.8 pmoles). Even though an increase in medium
glucose was observed with three of the tumors, the
amount was negligible in comparison with that
produced by liver slices (73-128 umoles).

Lactate production.—The amount of lactate pro-
duced by tumor slices ranged from 13.2 to 47.4
pmoles/gm, and, in general, more lactate was
formed by the more rapidly growing than by the
more slowly growing tumors. In Hepatomas 5123-
D, 7800, and H-35 lactate production (13.2-20.4
upmoles) was less than that observed in control
livers (27.4-37.8 umoles), whereas the three more
rapidly growing hepatomas, 7288-C, 3924-A, and
3683, formed slightly more lactate (33.6-47.4
umoles).

Metabolism of glucose in normal and neoplastic
liver.—The metabolism of glucose-1-C!* and glu-
cose-6-C'* in normal and neoplastic livers is com-
pared in Table 2.

Glucose uptake-maximum glucose phosphoryla-
tion.—The capacity of normal and neoplastic livers
to utilize glucose was estimated by calculating the
maximum glucose phosphorylation (17). With the
exception of Hepatoma H-35, the neoplastic livers
exhibited less glucose phosphorylation (27—44
umoles/gm) than did control liver slices (49-74
pmoles).

Glucose oxidation.—With the exception of Hepa-
toma H-35, all tumors exhibited greater C-1 oxida-
tion (1.4-8.5 umoles/gm) than did control livers
(1.0-1.3 umoles/gm). The oxidation of C-6 of
glucose was reduced in the more slowly growing
tumors, but in Hepatoma 3683 (the fastest grow-
ing tumor studied) the C-6 oxidation observed was
equal to that of the control liver (1.1 ymoles/gm).
Both liver and tumor slices exhibited a preferential
oxidation of C-1 of glucose (C-1/C-6 > 1), and,
since C-1 oxidation of tumors was usually in-
creased while C-6 oxidation was reduced, the C-1/
C-6 ratio for hepatomas tended to be greater than
that observed in liver slices.

Glycogen content of tissues.—The initial glycogen
content of all the hepatomas (1.83-14 umoles) was
very low as compared with that observed in liver
(253-307 umoles).

Glycogen synthesis.—The rapidly growing tu-
mors, 3924-A and 3683, incorporated more C!
from glucose into tissue glycogen (2.5-2.9 umoles)
than did the more slowly growing tumors (0.5-0.8
umoles).

Lactate production.—With glucose present as add-
ed substrate lactic acid production by hepatoma

slices ranged from 21.5 to 91.1 umoles/gm as com-
pared with liver slice values of 20.9-27.7 umoles/
gm. Lactic acid production in the more rapidly
growing tumors (7288-C, 3924-A, and 3683) was
greater than that observed in the control livers.

DISCUSSION

For the purpose of facilitating discussion, re-
sults obtained for the various parameters are
plotted as percentages of the respective control
livers and summarized in Charts 1-3. Data on glu-
cose-C!* metabolism in Hepatoma 5123-D (27) are
also included for comparison.

Fructose metabolism in normal liver and in hepa-
tomas of different growth rates.—The fructose up-
take was uniformly reduced in all liver tumors
studied and ranged from 28 to 54 per cent of the
control livers. Since the reduction in fructose oxi-
dation paralleled the utilization of this hexose, it is
possible that the reduced oxidation reflects mainly
the decreased uptake and does not indicate any
specific impairment of oxidative mechanisms. This
is in line with observations that the oxidative po-
tential of tumors is generally in the normal range
(28). The glucose production was 11 per cent or less
in the slowly growing tumors and was almost ab-
sent in the rapidly growing hepatomas. This is in
good agreement with the decrease and absence of
glucose-6-phosphatase and fructose-1,6-diphos-
phatase activities reported in a spectrum of liver
tumors (16, 21, 22, 24-26). It is also in line with
markedly decreased pyruvate to glucose conver-
sion described in 5123-D (27).

The initial glycogens were extremely low in all
hepatomas examined, which observation is in line
with the generally decreased glycogen content of
transplantable and primary liver tumors (4, 18, 20,
27). The incorporation of fructose into glycogen
was in normal range in the rapidly growing tu-
mors, but was very low in the more slowly growing
hepatomas. The net lactate production with fruc-
tose as the substrate was decreased or normal in
the slowly growing tumors and showed a tendency
to increase in the more rapidly growing ones. How-
ever, no marked lactate production in the presence
of fructose was found in any of these tumors.

Glucose metabolism in normal liver and in hepa-
tomas of different growth rates.—The maximum
glucose phosphorylation was normal or generally
reduced in the liver tumors studied. These calcula-
tions are considered as approximations, and their
significance is mainly that there is no indication for
the presence of increased glucose uptake in these
tumors. The initial glycogen data further confirm
the almost complete absence of glycogen storage in
liver tumors, indicating a failure of this liver func-
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tion in hepatomas. The glucose to glycogen forma-
tion in slices of slowly growing tumors was low,
but it increased in the rapidly growing tumors. The
low levels of glycogen are in agreement with the
decreased phosphoglucomutase activity observed
in these liver tumors (21, 25, 26). However, theo-
retically, the mutase activity still present in the
hepatomas is sufficiently active to mediate the
channeling into glycogenesis.

The net lactate production was in normal range
in the slowly growing tumors, but it was increased
stepwise in the more rapidly growing hepatomas.
The potential for channeling G-6-P into lactate
formation is present in both livers and hepatomas,
since phosphohexose isomerase which routes this
hexosephosphate into aerobic glycolysis was in the
normal range in both normal and neoplastic livers
(21, 25, 26). The difference observed between lac-
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tate production with glucose present which paral-
leled the tumor growth rate and lactate generation
with fructose present which was normal or some-
what increased may lie in the different entrances of
glucose and fructose into the metabolic scheme.
These special features of fructose metabolism were
outlined in detail elsewhere (3).

Both C-1 and C-6 oxidation of glucose was
markedly decreased in 5123-D, but the oxidation
was gradually increased with the growth rates of
the liver tumors. In the most rapidly growing tu-
mors the C-6 oxidation reached normal values.
However, the C-1 oxidation in the rapidly growing
tumors was markedly higher than in normal livers.
In consequence, the C-1/C-6 ratios were generally
higher in the tumors, and in 3683 were nearly
three-fold the values found in normal liver. The
observation that C-1 of glucose is recovered in CO,
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CHART 1.—Comparison of the metabolism of fructose in normal and neoplastic livers. Results were calculated as per cent
of normal; the values of the normal livers were arbitrarily taken as 100 per cent.
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CHART 8.—Comparison of the oxidation of glucose-1-C* and glucose-6-C* in normal and neoplastic livers. Results were
calculated as per cent of normal; the values of the normal livers were arbitrarily taken as 100 per cent. Data on the Morris 5128

hepatoma were previously reported (27), and the maximum glucose phosphorylation for this tumor was not measured.
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in greater yield than C-6 was reported for a num-
ber of tumors, including several other hepatomas
(30). It is well recognized that the C-1/C-6 ratio
does not necessarily give an exact measure of the
operation of the pentose phosphate pathway; how-
ever, the data may be taken as an indication that
the direct oxidative pathway is operating in all
tumors and probably increased above that in nor-
mal liver (1). Such an increase is in agreement with
the elevated levels of glucose-6-phosphate dehy-
drogenase described in all liver tumors with the
exception of 5123-D, where the enzyme was in the
normal range (21, 23, 26).

Comparison of carbohydrate metabolic parameters
with growth rates of liver tumors.—On the basis of
the tables and charts the question arises whether
one can perceive any clear-cut correlation or defi-
nite trend among the carbohydrate parameters
studied in liver tumors of different growth rates.

1. Parameters which do not correlate with growth
rate.—The maximum glucose phosphorylation cal-
culations indicated that no definite trend could be
observed for this biochemical function in these
studies.

2. Parameters which show a definite trend, but do
not correlate with the growth rate—The glycogen
content was very markedly decreased in all liver
tumors. This is in agreement with the decreased
phosphoglucomutase activity in these tumors. The
fructose uptake and the CO; production from fruc-
tose were also generally reduced in all liver tumors,
showing a definite trend to decreased utilization
and oxidation of this hexose.

3. Parameters which show correlation with in-
creased growth rate.—The decreased glucose pro-
duction in the slowly growing tumors and the
absence of glucose release in the rapidly growing
hepatomas indicate a decrease and complete loss of
function with the increase in growth rates of the
liver tumors. In the most malignant tumors stud-
ied in this series, as well as in the previously ex-
amined Novikoff hepatoma, glucose production
was absent and glucose-6-phosphatase and fruc-
tose-1,6-diphosphatase could not be demonstrated.
The depletion and failure of this characteristic
liver function can be well correlated with the de-
creasing activities of the specific phosphatases in
tumors of increasing growth rates (21, 23, 26).

In contrast to failure of gluconeogenesis, it ap-
pears that the direct oxidative pathway may be
utilized to an increasing extent in the more rapidly
growing tumors in this series. Ratios as high as
those in 8683 and even higher were reported in the
Novikoff hepatoma (4).

The lactate production with glucose as the sub-
strate is in normal range in the slowly growing tu-

mors; however, it is increased in rapidly growing
tumors and appears to parallel the increase in
growth rate. The highest lactate production was
reported in the Novikoff hepatoma (4), which has
the most rapid growth rate among liver tumors dis-
cussed (15, 20).

A note may be made regarding lactate produc-
tion in neoplastic liver. It has been reported that
in slowly growing liver tumors there is normal lac-
tate production (2, 11, 27, 29, 30), and an absence
of increased aerobic glycolysis is also found in the
more slowly growing tumors in the present series.
An explanation for reports in the past 30 years em-
phasizing increased aerobic glycolysis as a cardinal
aspect of neoplasia probably lies in the fact that
years ago only the most malignant tumors were
available for biochemical studies, because these
were transplantable in non-inbred strains. The
slowly growing liver tumors which are available
now, however, can be transplanted only in inbred
rats, which made possible the discovery that there
is neoplastic growth without increased aerobic gly-
colysis (2, 10, 27). The rapidly growing liver tu-
mors do exhibit an increased aerobic glycolysis.

What conclusions may be drawn from the pre-
sented results®—The isotope results outlined in this
paper, with other information accumulated in this
series in hepatomas of different growth rates on the
behavior of enzymes (28, 25, 26), enzyme-forming
systems (21), and protein synthesis (19), confirm
the expectation that it is possible to establish a
framework for a biochemical grading of tumors to
serve along with morphological grading (26).

The data examined show the usefulness of stud-
ies of a spectrum of liver tumors of different
growth rates which contribute to an understanding
of the significance of the different carbohydrate
metabolic parameters in neoplastic liver. Such a
spectrum permits the investigation of the neo-
plastic phenomenon in terms of different extent of
metabolic lesions in an analogy to the different
extent of appearance of symptoms and signs in in-
dividuals suffering from the same disease. This
spectrum may point out certain metabolic parame-
ters which correlate with the biological behavior
(growth rate) of these tumors and thus draw our
attention to aspects of tumor metabolism where
chemotherapy may be employed. Studies on the
behavior of metabolic pathways under various
conditions in neoplastic livers are now in progress.
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